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SECTION 1.0

SUMMARY



1.0 SUMMARY

In attaining optimur turbine performance, the turbine nozzle is

the single most influential component, Small, high specific energy
turbines, generally operating at high pressure ratios, require
superscaic converging-diverging nozzles for high efficiency. Such
nozzles, however, yield poor performance at off-design pressure ratios,
The object of the present study was to obtain information to improve
the off-design performance of supersonic turbine nozzles,

The scope of the study consisted of a literature gearch, a theore-
tical analysis, and an experimental program. The literature search
consisted of an evaluation of available information on nozzle
performance characteristics in the off-design regime and of nozzle
concepts which might yield superior perfommance, The theoretical
analysis consisted of an investigation of the physical phenomena
involved with turbine nozzle operation in the off-design regime and
the development of a theory to predict performasnce., The experimental
portion consisted of the design, fabrication, testing and evaluation
of conventional and non-conventional nozzle designs,

During the literature search, 60 reports were reviewed and brief
comments concerning each one is included. Turbine and rocket nozzle
data presented “n the literature were correlated and compared; this
established that both qualitative and quantitative similarity exists
between turbine and rocket nozzle performance when operating at off-
design pressure ratios.

Nozzle performance was derived from test measurements of a complete
turbine-nozzle system., All nozzles were tested with nitrogen and
with the identical rotor. A total of twelve nozzles were tested,
being made up of the following four types: 7 conical nozzles with
design Mach numbers renging from 1.5 to L4.6; one shock cancellation
(contoured) nozzle designed for Mach 4.0; one unique plug type nozzle
desigﬁed for Mach 4.0; and three free-expension nozzles designed for
Mach 4.0.

Results show that contoured nozzles provide the best performance

for turbines which operate at near design pressure ratios or at
greater-than-design pressure ratios. For operation at pressure ratios
below design, the conical or plug types are superior. The free expan-
sion nozzles generelly produced inferior performance as compared to
the other types. Axial spacing between nozzle and rotor had little
effect on off-design performance,

The theoretical analysis shows that the performance of nozzles
operating at off-design pressure ratios can be predicted by & com-
bination oblique and normal shock calculation procedure,

This analysis together with limited test data indicates that the

gas ratio of specific heats has a strong effect on off-design nozzle
performance, The indication is that performance may be greatly
reduced when operating with gases with low ratios of specific heat.
The design point performance, however, does not apr:ar to be affected.

-1-
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2,0 INTRODUCTION

The mission profiles of many turbine power systems require operation
over a wide range of pressure ratios. For example, systems which

are designed to operete in space with very large pressure ratios,

are required to operate on the launch pad as well, at low or inter-
mediate pressure ratios, Also, open-cycle torpedo propulsion systems
operate at pressure ratios which may vary by an order of magnitude or
more due tc changes in back pressure caused by depth changes, This
off-design regime often accounts for a significant portion of the
missicn profile. The research program conducted herein was concerned
with improving performance in this regime,

Turbine performance is dependent on a large number of factors,
including nozzle and rotor performance, leakage, Reynolds number
effects, and parasitic losses, Basically, turblne perfomeance depends
on the momentum change across the rotor which is described by the
turbine hydraulic efficiency equation. This equation reflects the
basic turbine efficiency from which the losses and effects mentioned
above detract, The effects of nozzle and rotor performance are
included in the hydraullc efficiency equation which for an impulse
turbine may be written:

2.1
Ta = 29/ (1+ ¥g) (Wy cos & - U/c,) e
where:
ZH = hydraulic efficiency
= turbine tip speed, fps
Co = 1isentropic spouting velocity, fps
YRr= rotor velocity ceefficient
YN= nozzle velocity coefficient
o( = nozzle angle, degrees

Equation (2.1) defines the maximum attainable turbine efficiency if
there are no perasitic lcsses or leakage., As may be noted the turbine
hydraulic effi_iency is a strong function of U/C,. Maximum efficiency
is obtained when the turbine is operating at optimm U/C_, The
optimun U/C, is obtained by differentiating equation (2, ?) witn respect
to U/C_ and solving for U/C0 when the differential is equated to zero.
This y?elds:

(U/Co)opt = &’)N cos O /2 (2-2)
Solutions of equation (2.2) yield optimum values of U/C, in the range
of 0.4 to 0.5 for typical values of \f, end OC. »




At a U/CQ of 0.5 a change in nozzle coefficient will result in a
change in the turbine hydraulic efficiency which is 2.1 times as
large as the perceantege change in the nozzle coefficient as shown

in Figure 1, For example, if the nozzle coefficient is 0.90 instead
of 1,0 at & U/Cy of 0.5, the hydraulic efficiency will be reduced

by 2.1 x 10% or 21 percent. The effect of a change in rotor coeffi-
cient, bowever, is much smaller; for example a 10 percent change in
rotor coefficient can only result in a change in hydraulic efficiency
of k or 5 percent for outainable values of rotor cozfficients.,

This illustretes that the nozzle and rotor velocity coefficients

nave a large effect on the ultimate obtainsble turbine efficiency,
with the nozzle coefficient bveing much more important than the rotor
coefficient, When operating a turbine at the design pressure ratio,
nozzle coefficients of approximately 0.C5 may be realized. However,
for pressure ratioe greater or less than design, this coefficient
decreases 1epldiy, particularly for pozzles with high area ratios
and, hence, high design Mach numbers. This fact is shown in Figure 2,

The nozzle velocity coefficlent presented in Figure 2 is represen-
tative of the performance of conical and contoured convergent-divergent
nozzles, However, the performance deficit indicated in this figure
was not acceptable to rocxet designers. Considerable work has been
dane to Improve the off-design performance of rocket nozzles, resulting
in concepts such as the plug nozzle, the annular intermal-extermal-
expansion nozzle, and aercdynamically controlled nozzles.

The objectives of this study were to investigate the literature to
cbtain insignt of nozzle performsnce characteristics and to obtain
nozzle concepts which may produce superior turbine performsnce; to -
design and test various turbine nozzle types to obtain a performance
conparison; and to derive & theoretical calculation procedure which
would provide & means of applying the information gained in this

study to other nozzle configurations and nozzles operating on othber
gases or fluids, The area of research was basically at pressure
ratios below and cbove deeign rather then the area of the design point,
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3.0

3.1

LITERATURE SEARCH

A detailed literature search was conducted to make available for this
study as much turbine nozzle and rocket nozzle information as possible.
As was expected, little tur-‘ne nozzle data were uncovered; however,
considerable rocket nozzle data are available. The rocket nozzle data
are not directly applicable to turbine nczzle performance, but an
urderstanding of the aerodynamics of rocket nozzles lends Insight intc
turbine nozzle performance,

DISCUSSION OF THE LITERATURE

A large number of nozzle reports were obtained and reviewed, A
listing of the reports and short comments relatipg to their applica-
bility to small turbines is presented in Appendix I. These reports
range from turbine nozzle studies with test data to theoretical
rocket nozzle studies.

Appendix I i1s divided into three sections: Secticn 1 is devoted to
papers which are theoretical in nature; Section 2 includes papers
which are experimental in nature; and Section 3 summarizes papers
which include both theoretical and experimental information, The
order in which the papers are presented in each section has no
significance.

Most of the nozzle data reviewed were obtained by reaction tests.

In these tests the nozzles were mounted on a balancing mechanism and
the thrust was measured. This thrust value was then corrected for
various external torque and pressure forces unique to the particular
test configuration. The resultant corrected thrust, F, 1s described
in aerodynamic terms by the momentum equation:

oA

F o= g (Ve - Vo) + Ac (Pc - Pg) (3.1)
Where:

¥ = Nozzle weight flow, 1b/sec,

g = Acceleration of gravity, ft/sec.

Ve = Nozzle exit velocity, ft/sec.

Vo, = Nozzle entrance velocity, ft/sec.

A, = Nozzle exit area, in,

P, = Nozzle exit plane pr°ssune , 1/ in,°

Pa = Ambient pressure, 1b/in.2

In order to compare nozzle performance, it is desirable to determine
the nozzle velocity coefficient, VN , and hence, the nozzle
exit velocity must be evaluated from the thrust measurements. This
is readily done at the design pressure ratio since the secoerd term of
equation (3.1) (the pressure-area temm) is zero. At off-design
operating points the pressure-areca term may not be zero., Fortunately,
the exit plane pressure is felt to contribute only a small percentage
of thrust since the ambient precsure very often feeds into the nozzle
through the boundary layer, thereby eliminating the pressure force

on the nozzle walls during below-design pressure ratio operation.
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Another test technique used .. turbine nozzle testing is one of pressure
surveys in the nozzie exit plane., The pressure surveys are used to
calculate the mass or area-averaged velocity coefficient and the flow
angle, This procedure generally has the disadvantage of neglecting

he effects of the "dead" space between nozzles; however, it has the
advantage cf eliminating the unknown pressure-area term assoclated
with thrust mecasurement techniques.

These methods of evaluating nozzle performance are the most common,
However, in addition to the drawbacks mentioned, they do not include
any effect that the rotor may have on the nozzle. Therefore, in the
present study, the overall perfomsance was measured and a "derived"
nozzle velocity coefficient was calculated fram efficiency data,

3.1.1 Turbine Nozzle Reports

Undoubtedly the two most significant turbine nozzle reports are those
by Kraft (11.2,1)* and Keenan (11.2.3)*, These papers were presented
in the 194%0's and little information has been presented since. Since
the success or failure of a turbine design is largely dependent on
the nozzle design, each manufacturer considers his design technique
(and the data upon which it is based) highly prop:-ietary; hence the
lack of information in the open literature.

The converging nozzle data presented by Kraft and the converging-
diverging nozzle data by Keenan cover a large range of pressure ratios
both above and below design., These data are the beses for many
turbine designs; however, it is felt by the authors of this report
that the nozzle velocity coefficient data of Kraft and Keenan are
pessimistic at below-design pressure ratios. This is believed to
result from the measurement and calculation technique used to obtain
the velocity coefficients. Since the data of Kraft and Keenan were
obtained on the same test apparatus, these comments pertain to both
references, As Keenan stated, "the velocity deduced is a hypothe-
tical one, and the application to turbines need not be answered here",
No attempt was made to correct the data for the pressure-area term

of equation (3.1). In following sections pertaining to the correla-
tion of test informaticn, these data will be discussed in more detail,

A very interesting and informative turbine nozzle report is presented
by Stratford (11.2.2). The tests were conducted in a rather unusual
manner in that the cascade pressure ratio was varied by adjusting the
tunnel side walls downstream of the cascade. This adjustment had the
same effect, in Stratford's opinion, as a rotor operating at off-design
(or incidence) conditions. The results led Stratiord to conclude that
supersonic turbines may not actually operate at incidence to the rotor,

*Numbers correspond to the refe:ence number in Appendix I.




This conclusion was based on measurements vhich showed that when the
vwheel speed is such that incidence should occur, what resulted was an
ad justment of the nozzle pressure ratio, and some reaction in the
rotor developed to result in zero incidence at the rotor inlet, The
noczzle velocity ratios, measured by Stratford with a traversing probe,
were between 0.98 & 0.99. These high coefficients, at design point,
are typical of cascade tests (see 11.2.9) and rocket nozzle tests,
however, the values presented by Keenan only approach 0.96. The
reason for this discrepancy ray be the measurement technique that
Keenan used, or the rather unusual cross-sectionalsbape of his nozzles.
Reaction tests of rocket nozzles yield velocity coefficients as high
as 0.98 or even 1.0; therefore, the reason for the disagreement is
not solely reaction technique as compared to survey technique,

Another significant report is that vresented by Oklsson in his MIT
thesis (11.3.26). This report summarizes the theoretical and experi-
mental effort vhich includes the study of two different families of
converging-diverging, two-dimensional contoured turbine nozzles.

In this report Ohlsson rejects one family as inferior, The results

of the superior family is presented in an ASME paper (11.3.25). The
nozzle performance data presented in this report is low, probably due
to the measurement technique. Ohlsson measured stall torque on a
rotor with axial exbaust to determine nozzle performance. This
procedure has two major fauits: (1) rotor entering losses affect the
measured tcrque, and (2) the rotor choked before tie design pressure
ratio was reached with several of the nozzles. The rotor losses are
quite likely even higher than the design rotor losses since, for the
largest area ratio nozzle (AR = 2,6), the rotor relative Mach number
is 2.8 at stall and only 1.7 at the design U/C,. The test data bear
out this point in that the design nozzle coeffgcient based on the .
stall torque varies from 0,92 at an area ratio of 1.0, to 0.85 at an
area ratio of 3.6. Since the nozzle design coefficient was excessively
low, these data were not used in the following correlation cf nozzie
data. However, Ohlsson's work is worthwhile and the nozzle data
presented may be used for qualitative information rather than quanti-
tative, Considerable off-design turbine performance date are presented
in Ohlsson's reports which include variations in turbine speed as well
as pressure ratio,

Some researchers have spent considerable effort examining turbine
blading on a boundery layer basis., Included are the boundary layer
experts Schlicting (11.2,19), Deich (11.3.27), and the NASA personnel
Rohlik (11.2,9), and Whitney and Stewart (11.2.16). The boundary
layer approach, while valid for large turbomachinery, is too detailed
for turbines with blade heights in the range of 0.2 to 0,8 inch such
as considered herein. (This is not the case when the operational
regime of the nozzle falls into the Reynolds number area where boundary
layer effects become very important. The work reported by Dollin
(11.3.5) occurred in this area. He shows that the low Reynolds number
accounts for a decrease in nozzle performance of approximately . )

-8~




3.L2

A particularly interesting turbine study was conducted in England,
Initially, Johnson and Dransfield were conducting a high pressure

ratio turbine study (11.3.29); they encountered iosses that were
greater than expected., Cascade studies were then conducted by Stratford
and Sansome to evaluate the rotor blades (11.3.20), the nozzle blades
Ell. 2.2) and the interaction between the nozzle and the rotor

11.2,15) and (11.2.20). These studies showed that rotor choking had
ozcurred in the initial tests and that the rotor determined the

nozzle exit angle, Hence, the nozzle pressure ratio varies with speed
at a constant overall system pressure ratio. They also nolnt out

that the rotor leading edge thickness has more effect of rotor incidence
angle than the nozzle angle, They stated that the rotor operated at
incidence angles from 2 to 5 degrees at ali pressure ratios studied,
even though the calculated incidence varied over a much larger range.

Many converging nozzle tests have been conducted over the years, with
the first organized research beginning in 1920 with the formation of
the Steam Nozzle Research Committee of the Institute of Mechanicel
Engineers in England. They published six reports (11.3.7-11,3.10)
over an eight year period. The information they obtained was analyzed
correlated, or amended by Guy (11.3.6), Ainley (11.3.22), Kraft (11.2.1),
Bartocei (11.3.11), Proskuryokov (11,3.21) and Schlichting (11.2,20).
These studies were mainly concerned with two-dimensional nozzles and
the effects of geometric variables on nozzle performance, These
variables included parameters such as: nozzle throat length, inlet
redius, exit angle, blade height, t i1iiing edge thickness, aspect
ratio, and surface firish,

Converging nozzle performance is well defined, but, these data lend
little insight into supersonlic nozzle performance, However they are
useful in determining a nozzle design, particularly in the area of
nozzle entrance gecmetry up to the throat. Other parameters, such as
aspect ratio, the ratio of rotor height to nozzle height, axial spacing
etc,, provide guidelines to supersonic designs, References which
discuss this information include Kraft (11.2.1) for subsonic nozzles,
and Keenan (11.2,3), Ohlsson (11.3.25 and 11.3.26), and Stratford
(11.2,2) for supersonic nozzle,

Rocket Nozzle Reports

These reports were reviewed to provide insight into the understanding
of nozzle phenomenon and trends of supersonic nozzle operation at off-
desgign conditicns., The objective in rocket nozzle design is to obtain
good performance with the minimum weight and/or minimum length.
Therefore, most paremetric studies are based on optimizing these
parameters,




Rocket nozzles operate over a large range of pressure ratios, both
less-than and greater-than design. Considerable interest has been
placed on improving rockets in recent years and much off-design
nozzle data are available. "he performance of conical nozzlee was
studied by Bloomer (11.2.10), Lovell (11.2.14), and Campbell (11.3.13).
A large amount of data are presented by Bloomer for conical nozzles
with area ratios from 1.0 to 75 amd cone-half angles of 15 to 30
degrees, Campbell presented data for area ratios of 10 to 30 eand
cone-half angles of 15 to 30? Axisymmetric contoured ozzles were
evaluated by Bloomer (11.2.13) and Farley (11.3.15). More conical
data are presented by Krull (ll.2.h) for four nozzles of area
ratios from 1.0 to 2,65. Krull showed that converging-diverging
nozzles performed better than predicted by normal ehock theory when
overexpanded, indicating that oblique rather than normal shocks
probably occur in the nozzle,

Farley presents data for contoured nozzles with area ratios from 10

to 25 for three familles of nozzles. These families were of decreasing
overall length and of increasing wall angles, The data o1 Bloomer
compares the performance of contoured nozzles with conical nozzles.

He concludes that the design point performance of contoured nozzles

is slightly superior to conical nozzles,

The report by Barakauskas (11.2.6) presents some data with free
expansion nozzles, These data did not include thrust or velocity
measurements; however, the pressure measurements agreed with the

same configuration using a conical nozzle. These interesting results
led to the inclusion of free expansion nozzles in the present study.

A number of studies have examined the area of shock formation in
overexpanded nozzles, These studles irdicate that most nozzles do not
shock down through a normal shock but rather through oblique shocks,
Work in this area has been both theoretical, Darwell (11.1.1) and
experimertal, Kalt (11.2.7) and Arens (11.3.3). Of these studies Arens
is the most complete and includes a good correlation of the large smount
of experimental data presented.

Rocket nozzle design is generally based on minimum length or weight.
Migdol (11.9.4) used the method of characteristics to predict the
effects of geometric parameters on conical nozzle performance., Axi-
symmetric contoured nozzles are the object of the studies of Guentert
(11.1.5), Beckwith (11.1.11), and Ahlbert (11.3.4). Guentert is
concerned with the effects of the isentropic exponent of nozzle design
and Beckwith preserte = rapld method to design shock concellation
nozzles for gases having K = 1.4,

Design techniques for plug nozzles are presented by Angelino (11.1,2)
and Greer (11.1.8). Both of these papers present a calculation proce-
dure for representative norzle ~ontours; one method contours only the
lug (Angelino); the other method contours both the cowl and the plug
Greer). Since these nozzles are constructed on a bias and are reported
to have superior off-design performance, they appear as attractive
candidates for a new type of turbine nozzle. For such applications

the design technique of Greer is not as applicable as that of Angelino
due to a poor flow configuration at the nozzle throat entrance,

=10~




3.2 CORRELATION OF DATA IN THE LITERATURE

All pozzle test data found in the literature search were examined and
considered for inclusion herein., The data is presented as a ratio of
the nozzle velccity coefficient to the design nozzle velocity coeffi-
clent as a function of the dependent variables, the design Mach nuuber
end the isentropic operating Mach number. This isentropic Mack number
ratio, M'/M'., is important since it represents the location of an
operating point relative to the desigr point more effectively than
either the nozzie isentropic velocity, the actual v=loc:ity, or the
pressure ratio, The nozzle design Mach number is thet i’ach number at
which optimum nozzle velocity coefficients are measured, This Mach
number should be very nearly the same as the calculated Mach number
based on the nozzle area ratio, Some of the date in the literature
did not meet this requirement, and thus were not included in the corre-
lations made in this study. Other causes for rejection of data were
the lack of data et the design point and the use of unususl nozzle
shapes or testing practices.

Most nozzle date in the literature were presented in terms of thrust
parameters, As mentioned in the previous section and shown in
equation (3.1) there is a pressure-area term in tbe thrust measurement
vhich makes the exact celculation of the nnzzle exit velocity fram
thrust data impossible without the pressure measurements to evaluate
the pressure-area term, However, in high veloclty nozzles the momen-
tum texm in equation (3.1) is by far the larges: contributor to
thrust, and the rocket nozzle velocity coefficients were evaluated on
the basis that:

Ve = EE
&

, ft/sec (3.2)

This calculation procedure was used by many investigetors in their
turbine nozzle studies; therefore, the rocket nozzle and turbine nozzle
data will be compared on equal terms,

The primary concern of the present study is off-design nozzle perfor-
mance, However, the design point performance is important in as much
as & nozzle which has poor design point performance is expected to have
reduced off-design performance also. Therefore, the nozzle velocity
coefficient is correlated as the ratio of nczzle velocity coefficient to
design nozzle velocity coefficient. In determmining the design point
coefficient, the geometric perameters of area ratio and cone half angle
have a strong influence as seen in Figure 3. It may be noted that the
date generally follow the variation of:

VND (1 +cos o)/ (3.3)
Where O{ is the cone half angle. Equation (3.3) is propused by

Englert and Kochendorfen in Reference 3 to account for the deviation
from axial flow at the nozzle exit in a conicel nozzle,

-11-
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3.2.1

3.2.2

It is interesting to note thet with cone half-angles up tec 25 degrees,
the velocity coefficient is 0.96 or greater, With turbine nozzles
(cone balf-angies of 5 to 12 degrees) coefficients run from 0.92 to
0.97 with most near 0,96, The reason for this lack of agreement is

not clear; however, it may be caused by the normal force on the canted
exit area of the “urbine nozzle, which would result in a negative
thrust value when reaction test measurements cre being made. In the
case of derived nozzle coefficients from turbine test data, such as
those obtained in this study, the values are based upon rotor empirical
data which were in turn based upon an assumed design nozzle coefficient
which itself was based upon limited nozzle test data. Hence, one goes
full circle and ends up with a derived design coefficient of 0.96 if
the turbine performance reaches expectation!

Correlations of Turbine Nozzle Dats

There is only liwrited turbine nozzle test data available &nd some of
the date are not included herein because of the reasons mentioned in
the previous section. The data of Kraft (il.2.1), Keenan (11.2.3),
and some of the data of Dollin (11.3.5) and Stodola, (Reference 1)
are correlated in the formm of a nozzle velocity coefficient ratio
versus an isentropic mach number ratio (Figure k).

The shape of the curves skown in Figure 4 are typical of all that are
presented. Basically there is a decrease in velocity coefficient at
both above (M'/yr > 1.0) and below (M'/yr < 1.C) design pressure
ratio, The decregse is more rapid in the %elow—design point area;
however, performance generully improves at Mach number ratios below
"+5, with the nozzle perfommance being a strong function of ithe nozzle
area ratic or design Mach number., At above design Mach number the
performance decrease is not so rapid and the effect of design Mach
number is not so pronounced, The theoretical analysis in Section b
will show that these trends are predictable,

Considering the deta of Figure 4, the three investigators agree well

in the limited areas where comparison can be made, The nozzle geometry

is generally tw¢ dimensional of unique design. In the case of the

large area rautics of Keenan; ‘the nozzles had circular throats and -

basically rectangular exits., Therefore, the correlation with conical
zzle data is remarkable as will be seen later,

Correlation of Rocket Nozzle Data

Considerable rocket nozzle data are available in NASA reports which
are presented in Figures 5, 6, and 7. While these data follow the
basic trends of those shown in the turbine nozzle data of Figure L,
some additional insight into performance is required. The most
important point illustrated here is that there appears to be an
improvement in nozzle performsnc~ a1t below-d2sign Mach numbers when
1sige cone half-angles are 'sed, This effect is evident in Figures 5
and 7 where the larger angles had much better performance at Mach
number ratios near 0.5 than did the lower cone angles for the same
design Mach number. This effect 1s believed to be the result of flow
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separation i the nozzle, without reattachment to the walls, at a
lower area ratio irn the nozzles with severe pressure gradients

(1arge cone angle), than in the nozzles with lesser pressure gradients.
When the nozzles separate at lower area ratios the shock Mach number
is lower ard hence the shock losses are lower, This effect was noted
by Rao (1l.3.12) ard Farley {(11.3.15).

This effect is quite important when one notes the difference betweepn
the Mach L4.'7 nozzles with throat cone half-angles of 21 and 25 degrees
showa in Figure 5, These data show an improvement in nozzle coefficient
of 18 percentage points at a Mach mmber ratio of O.4. This improvement
would result in at least an equal improvement in turbine efficiency if
this effect occurred in turbine nozzles, Theasprice paid fcr this off-
design performance improvement is reduced design point performance,

In the case of the illustiation above, the design polnt performance

is reduced by 2 percentagz points for the nozzles compared, This is
small if the nozzle operstes off-design much of the time,

Figures 5, 6, and 7 generally follow the trendg of the turbine nozzle
data in Figure 4., The values at which the performance improves at
below design Mach numbers is quite variable; however, it may be noted
that the data generally agree qualitatively at Mach number ratios from
0.5 to 1.0. An exception is the data of Krull (11.2.4) in Figure 6,
At Mach number ratios greater than 1.0 the trends of the turblne nozzle
data are repeated by the data presented in Figure 6.

Similarities between the rocket and the turbine nozzle are definitely
established by these figures, Hence a valid theoretical analysis may
consider the case of the nozzle without a canted exit, with assuiance
that the theory is slso applicable to the turbine nozzle.

=18~
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L,0 THEORETICAL ANALYSIS

This section contains a theoretical analysis which was derived to
extend *the nozzle informetion obtained in this study to nozzles of
other gzometries and operating on other gases. This procedure allows
prediction of the nozzle velocity coefficient as a function of nozzle
geometries and gas properties.

When considering off-design nozzle performance, basically four regimes
occur in supersonic nozzles as shown below in the oxrder of increasing
pressure ratio,

1.0 Subtsonic flow throughout the nozzle,
2.0 Overexpanded flow,

2.1 Choked throat with nommal shock and subsonic diffusion
to nozzle exit,

2.2 Oblique shock at nozzle wall coalescing into a normal
shock at center of nozzle.

2.3 Same as 2,2 except onlique shock originates ut the
nozzle exit., As the pressure ratio approaches design,
the ncrmal shock and obligue shock weakens to near
isentropic flow at design pressure ratio.

3.0 Nesar isentropic flow at design pressure ratio.

4,0 Underexpanded flow--expansion wave originates at nozzle
exit, no pressure effect in nozzle,

The subsonic flow regime is not of practical interest in this discussion
since this regime generzlly occurs at nozzle pressure ratios of less
than 1.,1. The other regimes will be exsmined in detail,

L,1 OVEREXPANDED FIOW, REGDME 2

Regime 2 is the most difficult to describe with an analytical model.
The ideal conditions of a normal shock with subsequent subsonic
diffusion to the nozzle exit as presented by Shapirc in his ciassie
text, "The Dynamics and Thermodynamics of Compressible Fluid Flow",
does not adequately define the flow field as illustrated by the test
data of Krull and Steffen (11.2,4). In this study of rocket nozzles
Krull compared the measured thrust to the theoretical thrust, based on
normal-shock diffusion calculation, and found variations as great as
a factor of 2, This lack of correlation with the normal shock calcu-
lation is typical of ail experimental investigations with nozzles
designed for Mach numbers greater than 1,5.

The reason for thls disagreement is seen when one examines the nozzle
static pressures. A typical example is presented by Stodola in
Reference 1 and reproduced here as Figure 8, The regimes are indicated
on this figure. At the two test pressure ratios shown in Figure 8,

-19-
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a normal shock pressure rise was possible, curves D and E, It appears
that curve D did experience a normal shock; however, it is not clear
if curve E had a nommal shock or a strong obligque shock and subsequent
diffusion, All other curves do not have a pressure rise equal to

the normal shock and hence an oblique shock must occur in these cases.

Considerable date are aailable in the literature concerning the
pressur: rise associated with the obligue shock and boundary layer
separation in the nozzle, Arens and Spiesles (11.3.3) show that the
data of most investigators correlates as some function of the Mach
number before the shock and the ratio of the wall statin pressure before
the shock to the nozzle exit ambient pressure. These .ata can then

be transformed, by one-dimensional theory, into a fiow deflection angle
or wedge angle versus shock Mach number as shown in Arens paper and
reproduced here as Figure 9, Aliso shown in Figure 9 is the correlation
of Farley and Campbell (11,3.15) which suggests a shock Mach number
ratio of 0.77. As may be noted both correlations yield very similar
values,

The maximum deflection without shock detachment 1s also shown on

Figure 9, When the flow deflection angle and hence the pressure ratio
reaches this value the result is a normal shock., As noted in this
figure, a normal shock should occur over the range of shock Mach

nuribers from 1.0 to 1.35 or 1l.5. Therefore, in the following discussion
it was assumed that a normal shock occurs at shock Mach numbers up to
1.5 and oblique shocks with the strength shown in Figure 9 occur at
Mech numbers greater than 1.5. Hence, Regine 2,1 1is assumed to exist
over the shock Mach number range of 1,0 to 1.5, and Regime 2,2 exists
at shock Mach numbers from 1,5 to the design Mach number,

It is believed that Regime 2.2 contains an oblique as well as a normal
ghock for three reasons: (i) in internal flow, nommal shocks almost
always are made up of what is termed a ( A ) lambda shock at the wall,
as noted and shown in Schlieren photographs in Reference 2; (2) In
(axi-symmetric nozzles the oblique shock is strengthened as it approaches
the center due to three-dimensicnal effects and must reach normal shork
strength toward the center; and (3) Oblique shock losses alone are very
small and do not approach the measured thrust and veloclty losses.,

Assuming the oblique-normal shock conditionsdo occur, it still remains
to define the portion of the channel which is experiencing each type
of shock. The oblique shock is generally becoming stronger near the
nozzle center, and a dlscontinuity cannot occur at the nozzle center,
Therefore, it was assumed that the shock strength followed the shape
of an ellipse across the flow path, ranging from normal shock strength
at the flow center to oblique shock strength at the wall, Therefore,
the mean shock strength is:

Smean = Cl\f/u (505 * is) (k.1)

Where: Sog 1s obligue shock strength
Spg 18 nomal shock strength
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L2

Since & linear veriation would result in (3) in place of ( ) in )
equation (4.1), it is apparent that the proposed equation weights the
mean shock strength in the direction of the normal shock.

When the oblique shock reaches the nozzle exit, Regime 2,3 begins.
As the pressure ratio is increased it 1s assumed that the normal and
oblique snock strengthe decrease until the design point 1s reached.
Figure 10 presents the results of a theoretical calculaticn for a ¢
nozzle dzsigned for Mach 2; the calculation procedure is derived in
Appendix IT. v .

All Regimes are pointed out on this curve, however, it will be noted
that Regime 2 covers ihe majority of the operational range of a nozzle,
It was found that the calculated curve in Regime 2,3 is optimistic
consldering the date presented in Section 3 and the data obtained in
this study. Therefore, because Qf the shape and location of the
calculated points of° the extremes of each sub-regime of Regime 2, it
is recormended that these extremes be calculated and a curve be falred
in between them, This greatly reduces the calculations required aund
allows the person performing the analysis to utilize the data of @
Section 3 and thet obtained in this study to result in a more realistic
curve (Regime 2, 3).

As shown in Section 3, little variation in nozzle performance occurs

in Regime 2,3 regardless of nozzle design Mach numbter, Therefore,

the point at vhich Regime 2.2 occurs is the most important to determire,
It will be shown later that this point is accurately described by the
calculation procedure described,

i g
DESIGN POINT AND UNDEREXPANDED FIOW, REGIMES 3 AND L ’

The design point performance of a rocket nozzle is dependermt upon the
nozzle geometric parameters described in Section 3, It appears that
turbine nozzles have slightly lower design point perfommance than
rocket nozzles, veloclty coefficients being in the aree of O, versus
0.98 to 0.99 for geometrically similar rocket nozzles, Nozzle area
ratio has an effect on design performance because of the frictional
effects. Since the correlations presented herein use the ratio of the
off-design nozzle velocity coefficient to the design velocity coeffi-
cient, it is felt that the eifect of nozzle design coefficient is
eliminated from the correlation,

A simple two-dimensional flow model adequately describes the nozzl=
performance in the Underexpanded Regime 4. This model considers the
theoretical contrnl surface to enclose the nozzle and the expansion
shocks originating from the nozzle exit edge. 1In this case the contrecl
surface exlit press.re is equal to ambient pressure and no pressure
correction need be applied, T..erefore, the nozzle velocity coefficient
is equal to the cosi~e of the Prandtl-Meyer expansion angle, The
calculated velocity coefficient in this Regime is shown in Figure 10,

A derivation of this theory is presented in Appendix II.
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COMPARISON OF THEORY WITH DATA

The effect of design Mach number o the calculated nozzle perfoimance
is shown in Figure 11, The qualitative and quantiitetive agreement
tetween Figure 11 and tke nozzle date of Section 3 is quite good.

The 1imit line shown in the lorer ieft hand corner of Figure 11 indicates
the 1imit at which a frictionless model applies, In the area noted,

the vressurc ratio is low and the arca ratio high, so that a large
percentage of the available energy may be absorbed in friction. For
example, (with a nozzle designed for Mach 2.5) when the Mach 1.5

normal shock with subsequent expansion occurs, Regime 2,1, the nozzle
pressure ratio is only 1l.1l. This pressure ratio is unreasonably low,
hence the theory is umapplicable ir this erea,

It i3 interesting to note that a straight line between the calculated
interface point between Regime 2,2 and 2.3 (at a design Mach mmber of
4,0) descrites one limit with the interface point for a design Mach
number of 1,5 describing the other limit to aid in locating the faired
lines of Regime 2.3. This range correlates well with the data of
Section 3 and also with the data obtained in this study as will be
discussed later,

Another significant point is the relatively small effect of Design Mach
number in Regime 4., This same effect was shown in the nozzle data of
Section 3. The theoretical values shown in Figure 11 indicate & larger
difference in performance between sonic and Mach 1.5 nozzles than
between Mach 1.5 and Mach 4.0 nozzles., This interesting fact was also
noteé in the data of Section 3.

With turbine nozzles designed for Mach numbers of 1,5 or greater,

rarely will the nozzle operate at isentropic Mach number ratios less

than 0.5 or greater than 2,0, since the pressure ratio will be excessively
far froz the design value shown in Figure 12, Therefore, the procedure

of Regimes 2.2, 2,3 and 4,0 are the most important in the practical sense.

EFFECT OF GAS RATIO OF SPECIFIC HEATS

Turbines do operate on working fluids with specific heat ratios frou
1,667 for monatomic gases to 1,02 for fluorcchemical ard organic fluids.
The calculated effect of specific heat ratios is shown in Figure 13,
Theoretically this effect is seen to be quite large; however, little
data are avallable for comparison,

A comparison of one turbine operating cn fluids with different ratios
of specific heats was made in tests at Sundstrand. This turbine was
operated oa nitrogen { ¥ = 1.4) and Freon 12 ( ¥ = 1.13). The results
of these tests generally agree with the effect shown in Figure 13,
These data will be discussed in more detail in Section 6.
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SECTION 5.0

EXPERIMENTAL APPARATUS AND TECHNIQUES




5.1

5'2

EYPERIMENTAL APPARATUS AND TEST TECHNIQUES

The experimental study was made using & test dynamometer designed
and bullt by Sundstrand. The test apparatus and technigques were
developed over the past two years while performing various turbine
research ani development studies,

TJRBINE TEST DYNAMOMETER

The turbine test facility is specifically designed to evaluate the
effects of turbine geometry on performance, Rapid changes ia rotors,
nozzles, and rotor tip and side clearances are easily made. Shaft
pover is detexmined by a torque arm force measurement, the load being
applied by an electrical hcmopolar dynamometer, Turbine bearing losses
are included in the torque arm measurement since the entire rotating
group is supported by hydrostatic gas bearings. The dynamometer is
shown in Figures 14 and 15; typical test hardware is shown in Figure 16.

The facility is capable of testing turbines on cold (400 te TO0°R)
gases (usually nitrogen) at pressure ratios up to 20C, without Reynolds
nunber effects, while pressure retios to 2500 are possible, The entire
unit is located in a vacuum chamber during tests such that exhaust
pressures as low as 0,05 psia are possible, The maximum test turbine
speed is 40,000 rpm., Turbine diameters up to approximately 7 inches
can he accommodated. Output shaft power levels of up to 20 hp can

be abeorbed by the electrical load bank,

Tests to cbtaein nozzle flow coefficients and turbine efficiency as a
function of turbine geometry, pressure ratio, speed, and Reymolds
number can be conducted, It is plamned that provisions to obtain
turbine disc friction and pumping losses will also be available in
the future,

'festing shows that turbine efficiency data repeats with less than
2% scatter., Tne nozzle flow is measured by a venturi meter which
shows scatter in the flow rate of 0.5%. Instrumentation toc obtain
pressure and temperature data throughout the turbine is utilized.

All tests were made with the shrouded turbine wheel shown in Figure 17,
and the turbine exhaust housing chown in Figure 18, During all tests
the radial tip clearance was 0,010 inch; the sxlal clearance between
the nozzle and the wheel was 3,035 inch except during the tests made
to determine the effects of axial clearance., Table I presents
geometric parancilers that were common during all tests,

TURBINE NOZZLE TEST CONFIGURATIONS

Four types of turbine nozzles were studied, including conical, axi-
symmetric shock cancellation (contoured), plug, and free expansion
nozzles, The design Mach number varied from 1.6 to 4.6 for the conical
nozzles and was 4.0 for the contoured, plug, and free expansion nozzles.

-29-




TABLE I

Ryl

GEOMETRIC PARAMETERS OF THE TEST NOZZLES AND TEST TURBINE i
COMMON TO ALL TEST CONFIGURATIONS#*
Nozzie:
NOZZle ANGle..ceeeeocsccscccsosssscsssassssssccccse 1O°
Exit Diameter..ccceevecccoccsccocssccessccccscccess 0.35 inch
Pitch Diameter...esececsccccccccccescascscsssscceses 0o TI5 inches
Number of NOZZleBieseoovsscessscscsccsccssccscscssees L0

Major axis of nozzle exit ellipse is tangent to
wheel pitch dismeter at center of ellipse,

Rotor:
Pitch Diameter.eccececcccccccccscescscccsccsccsveses 0.TI5 inches
Blade Angles (inlet and e€Xit)eececococcccosccccccecs 25°
Blade Heighteeeeceoeocooccsccccscscscccssssscessses 0,442 inch
Blade ChoXd.ccecsecccoscccccsccccsssssssssssscsssss 0.3 inch

Clearances:

Rotor Tip RediBlececcccccnccsccocecccsccscscscsasse 0,010 Inch
Nozzle tO ROtOXe.cecceccccsccccsccscsorsscsssessese 0.035 inch
Rotor to Exhaust HOUSINg..eeoceseescccsccccccscsses 0.065 inch

Gas Conditions (pure nitrogen):

LA e 30 o Mt

Inlet Temmmtul‘eooooloool.....l.l......l....l..... Appmx. &OF

Inlet Pmssum.....‘.............‘.I....I.....II... Up to 325 psia

*¥niess exception noted on figure,

&I E¥:
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Figurc 14. Sectional View of Dynamometer
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Tip Diameter = 6.2 in.
Blade Height = 0. 42 in.
Chord = 0. 3 in.

25° Symmetrical Blades
115 Blades

Figure 17. Shrouded Turbine Wheel
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Figure 18. Turbine Assembly 831091 Exhaust Housing

Adapted for Use on the Turbine Test Lab Dynamometer
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5.2.1

5.2,2

5.2.3

—

\

SV GFRE, S T A\:‘ "

One nozzle of each type was fabricated. All nozzles had an exit
diameter of 0.35 inch; the rotor had a blade height of 0.42 inch.
Hence, the lap (blede height to nozzle height ratio) for all tests
was 1,2; the admission area was T percent, The relationship between
the nozzle exit height and the blade beight is shown in Figure 1%.

Wy

The important geometric parameters and the design techniques used
with each nozzie type are give in the following sections.

N e

Conical Nozzles

The conical nozzles are quite simple and employ a conical supersonic
expansion area, Figure 20 is a sketch of a typical nozzle., The table
belovw the sketch gives the significant geametric perameters for the
conical nozzles tested, In this design, the nozzle coae does not
extend beyond the area designated as "L" in Figure 20, Figuve 16 is
a photograrh of a typical conical nozzle.

The conical nozzles were selected for testing in this study as the
basis of comparison, since they are the most common type used in
pertial admission turbines.

Contoured Nozzle

Figure 21 shows a sketch and the contour of the nozzle., Up to the
rozzle throat the design is identical to that of the Mach 4 conical
nozzle, Downstream of the throat the surface is designed to Cancel

the expansion waves which originated at the throat. This nozzle was
designed by the method presented by Rao (11.1.13) for a Mach number

of 4, The contoured nozzle was included in this study because improved
performance is expected as compcred to the conical nozzie. This improve-
ment occurs because the exit flow vector is perallel to the nozzle

axis, and the cumpression shocks do nmot occur in the nozzle d

design point operation. The data of Farley and Campbell (11.3.15) shows
improved performance for the contoured rocket nozzles as compared to

the conical nozzles,

Plug Nozzles

The contoured piug nozzle is the result of rocket nozzle research to
obtain improved off-design performance, A sketck of the plug nozzle
as adapted for turbine nozzle use is shown in Figure 22, This nozzle i
wag designed by the method of characteristics to cancel a family of ¢
Prandtl-Meyer expansion waves which originate at the sharp corner at .
the nozzle throat. The nozzle contour is described in the table of

Figur 22,

Techniques for designirg plug nwzzles are presented by Angelino :
(11.1.2) and Greer (11.1.8). The procedure of Greer is basically s
that used in the desigr for this study eince the procedure of Angelino




FIGURE 19
SKETCH OF CONICAL NOZZLE EXIT
AND WHEEL OUTLINE
VIEW LOOKING THROUGH ROTOR BLADES

AT NOZZLE EXIT

. 350 DIA

1. 269 NOZZLE
EXIT
BLADE TIP

~  6.195 DIA

BLADE ROOT
5.355 DIA

\ ROTATION

PITCH DIA.
5. 775

NOTE: NOZZLE DESIGNED WITH 20% LAP
EQUALLY SPACED
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FIGURE 20
SKETCH OF CONICAL NOZZLE
CONFIGURATION
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